Abstract. Radiotherapy is widely used in esophageal squamous cell carcinoma (ESCC) treatment. Promoting the radiation sensitivity of cancer cells is required. Recent studies have shown that sunitinib can inhibit the growth of several cancer lines. However, few studies on the radiosensitive effect of sunitinib on ESCC cells under hypoxic conditions have been conducted. In the present study, the radiosensitive effects of sunitinib on human ESCC cells were assessed, and the underlying mechanisms were explored. ESCC cells were exposed to hypoxia and treated with sunitinib at different concentrations prior to irradiation. Sunitinib potently inhibited ESCC cell proliferation in an MTT assay. In a clonogenic survival assay, sunitinib sensitized hypoxic ESCC cells to radiation, with sensitizing enhancement ratios of 1.31-1.59. In addition, sunitinib promoted the apoptosis of ESCC cells, but did not alter their cell cycle distribution. Radiosensitization was accompanied by inhibition of the radiation-induced upregulation of hypoxia-inducible factor (HIF)-1α and vascular endothelial growth factor (VEGF) expression. Thus, sunitinib confers radiosensitivity to esophageal cancer cells, which is associated with the downregulation of HIF-1α and VEGF expression. Sunitinib can be a promising radiosensitizer for esophageal cancer radiotherapy.
Introduction
Esophageal cancer is the eighth most common cancer and the sixth leading cause of cancer mortality, which causes ~30 million mortalities worldwide and 15 million mortalities in China, almost half of the total mortality, each year (1-3). Esophageal squamous cell carcinoma (ESCC) is the dominant histopathological subtype of esophageal cancer (1) (2) (3) . Radiotherapy has been used either as a definitive therapy for esophageal cancer patients with locally advanced disease or as an adjuvant therapy following radical esophagectomy for esophageal cancer patients (1) (2) (3) . However, an hypoxic microenvironment exists in esophageal carcinomas, which leads to radiation resistance and poor clinical outcomes, and may be an important determinant of radioresistance (4, 5) . Free oxygen radicals are generated during radiotherapy that induce DNA damage and kill tumor cells. The lack of oxygen directly activates the expression of hypoxia-inducible factor 1 (HIF-1), which consists of an oxygen-sensitive subunit, HIF-1α, and a constitutively expressed subunit, HIF-1β (5, 6) . HIF-1 is a pivotal regulatory factor that enables tumor cells to endure an hypoxic microenvironment, and promotes tumor growth, angiogenesis, invasion and metastasis (6) . Additionally, HIF-1 activates the transcription of downstream genes such as vascular endothelial growth factor (VEGF), and indirectly reflects the extent of carcinoma oxygenation (6, 7) . Overexpression of HIF-1α has been reported to be associated with a poor prognosis following radiotherapy in patients with esophageal cancer (8) . The suppression of HIF-1α expression may reversed by the radioresistant phenotype of hypoxic cancer cells (9, 10) .
Sunitinib, a highly selective multi-targeted receptor tyrosine kinase inhibitor, has been reported to have direct antitumor effects against various cancers, and to enhance tumor radiosensitivity in breast tumors (11) , pancreatic cancer (12) and colon cancer (13) . In particular, sunitinib suppressed cycling hypoxia in tumors and maximized the effects of combination therapy with anti-angiogenic drugs (14) . Furthermore, sunitinib was shown to downregulate the expression of HIF-1α, and subsequently, that of VEGF, in human embryonic stem cells (15) and HT-29 colon cancer cells (16) .
However, whether sunitinib suppresses HIF-1α in esophageal cancer cells has not been elucidated yet. In the present study, it was demonstrated that sunitinib could inhibit HIF-1α and VEGF expression in ESCC cells, and thus mediate the radiosensitization of ESCC cells to irradiation (IR) significantly. MTT assay. Cell cytotoxicity effect was measured by MTT assay. ECA109 cells were seeded into 96-well plates at a concentration of 5-6x10 3 cells/well and allowed to adhere. Next, the cells were treated with increasing sunitinib doses (0, 1, 2.5, 5, 10, 15, 20 and 25 µM). After 24 or 48 h of exposure to sunitinib, 10 µl of 5 mg/ml MTT reagent was added to each well. After incubation for 4 h, the supernatants were removed, and 150 µl of DMSO was added to dissolve the MTT crystals (formazan). The absorbance of the plates was measured at a wavelength of 490 nm using a microplate reader (ELx800; BioTek Instruments, Inc., Winooski, VT, USA). The half maximal inhibitory concentration (IC 50 ) values were calculated using the SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). Each experiment was performed thrice.
Improved sensitization effect of sunitinib in cancer cells of the esophagus under hypoxic microenviroment
Cell proliferation assay. ECA109 cells were seeded into 96-well plates. The cells were incubated overnight and then treated with the indicated concentrations of sunitinib (1 or 2.5 µM) under normoxic or hypoxic conditions for 24 h, and then subjected to X-rays at 8 Gy. After 24 h, cell proliferation was assessed by MTT assay. The percentage cell growth inhibition for each group was calculated by adjusting the control group to 100%. Each experiment was performed thrice.
Clonogenic assay. ECA109 cells were seeded into 6-well plates. The cells were incubated overnight and then treated with the indicated concentrations of sunitinib (1 or 2.5 µM) or DMSO (control) under normoxic or hypoxic conditions for 24 h, and then subjected to X-rays at 2, 4, 6 or 8 Gy. Subsequently, the cells were incubated at 37˚C for 10-14 days under normoxic conditions, fixed with methanol and stained with Giemsa for 30 min. Finally, the plates were examined under the microscope, and the number of colonies with ≥50 cells was counted. The cell survival curves were fitted according to a single-hit multi-target model, and the survival enhancement ratio (SER) was calculated as the ratio of the mean inactivation dose in control cells divided by the mean inactivation dose in sunitinib-treated cells. Each experiment was performed thrice.
Apoptosis assay. Annexin-V/fluorescein isothiocyanate (FITC) and propidium iodide (PI) dual staining was performed to determine the percentage of apoptotic cells. The cells were seeded into 6-well plates and treated with or without sunitinib (1 or 2.5 µM) under normoxic or hypoxic conditions for 24 h. Subsequently, the cells were subjected to X-ray IR (8 Gy). The cells were collected 48 h after IR and analyzed with BD Pharmingen™ FITC Annexin V Apoptosis Detection kit (BD Biosciences, Franklin Lakes, NJ, USA) by flow cytometry. Each experiment was performed thrice.
Cell cycle analysis. ECA109 cells were incubated in 6-well plates (1x10 6 cells/well) and then divided into the following groups: Normoxia (Norm), hypoxia (Hypo), sunitinib 1 µM (SU 1 µM) and sunitinib 2.5 µM (SU 2.5 µM). The groups of SU 1 µM and SU 2.5 µM were pretreated with 1 µM or 2.5 µM sunitinib. After 24 h, all cells were collected and washed with cold 1X PBS, and then resuspended in 70% ethanol at 4˚C overnight. The cells were incubated with 6 µl of 1 g/l RNase A, 1 ml of 1 mg/ml PI and 400 µl of PBS at room temperature for 15 min. The cell cycle distribution was analyzed using flow cytometry. Each experiment was performed thrice.
Western blot analysis. Total proteins were extracted from the cells using SDS Lysis Buffer (Sigma-Aldrich; Merck Millipore) at 24 h after the last sunitinib treatment under normoxic or hypoxic conditions. The protein concentrations of the supernatants were determined by bicinchoninic acid assay. Equal amounts of protein were loaded into each lane, and proteins were separated by 10% SDS-PAGE and transferred to polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA). The membranes were blocked with 5% skim milk, incubated with primary antibodies against HIF-1α (14179; dilution, 1:250; Cell Signaling Technology, Inc., Danvers, MA, USA), VEGF (sc-507; dilution, 1:250) and GAPDH (sc-25778; dilution, 1:1,000) (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at 4˚C overnight, and then incubated with horseradish peroxidase-conjugated secondary antibodies (BS13278; dilution, 1:1,000; Bioworld Technology, Inc., St. Louis Park, MN, USA) for 1 h at room temperature. The immunoblotted proteins were visualized with enhanced chemiluminescence reagents (EMD Millipore), and the signals were detected using the ChemiDoc™ XRS+ imaging system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and analyzed with Quantity One quantitation software (Bio-Rad Laboratories, Inc.).
Statistical analysis. All data are expressed as means ± standard deviation. Data were analyzed using SPSS 17.0 software (SPSS, Inc.). Survival curves were fitted using GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). Student's t test was applied to compare the groups. P<0.05 was considered to indicate a statistically significant difference.
Results

Sunitinib inhibits human ESCC cell proliferation.
MTT assay was performed at 24 and 48 h following sunitinib administration at various concentrations (≤25 µM) to determine the sensitivity of human ESCC cells to sunitinib as a single agent. The IC 50 value for ECA109 cells at 24 h was 7.07 µM. respectively. These results indicated a low cytotoxic effect on the growth of ESCC cells. Thus, these low-cytotoxic concentrations (1 and 2.5 µM) were selected for the following assays.
MTT assay was also performed to assess the effect of sunitinib on hypoxic ECA109 cells. ECA109 cells under hypoxic conditions (0.8-1.0% pO 2 ) exhibited a significant resistance to IR, while sunitinib sensitized hypoxic cancer cells to IR. The cell growth inhibition with sunitinib treatment was significantly lower than that without sunitinib treatment (Fig. 1B) .
Sunitinib enhances radiation-induced apoptosis in both normoxic and hypoxic ESCC cells.
Annexin-V/PI staining was performed to quantify the apoptosis of hypoxic ESCC cells exposed to IR after sunitinib treatment for 48 h ( Fig. 2A and B) . The results revealed that the apoptosis rate was significantly lower in the hypoxic group than in the normoxic group (P<0.05). Following treatment with sunitinib at 1 or 2.5 µM, the apoptosis rate was higher compared with that of hypoxia alone (P<0.05).
Sunitinib radiosensitizes ESCC cells, but does not alter their cell cycle distribution.
The percentage of cells in each phase of the cell cycle in the different groups are summarized in Fig. 2C and D. Compared with the normoxia group, no significant accumulation of ECA109 cells in the G0/G1 or G2/M phases was noted in the hypoxia alone group or in the hypoxia group treated with sunitinib at 1 or 2.5 µM.
Sunitinib significantly enhances ESCC cell radiosensitivity.
Clonogenic survival assays were performed to assess the potential radiosensitization activity of sunitinib. Cells under hypoxic conditions (0.8-1.0% pO 2 ) exhibited a significant increase in their ability to form colonies following IR, indicating their resistance to IR. However, sunitinib sensitized hypoxic cancer cells to IR significantly. The dose-survival curves are shown in Fig. 3A (Table I) . These data demonstrated that treating hypoxic ESCC cells with sunitinib resulted in a significant radiosensitization effect.
Sunitinib radiosensitizes ESCC cells by inhibiting the expression of HIF-1α and VEGF.
Western blot analysis was performed to confirm the effect of sunitinib on the VEGF and HIF-1α expression induced by hypoxia. ECA109 cells were treated with 1 or 2.5 µM sunitinib for 24 h. It was observed that hypoxia increased the expression of VEGF and HIF-1α. However, sunitinib could inhibit the expression of VEGF and HIF-1α, particularly at high doses (Fig. 3B) .
Discussion
In spite of the excellent progress in IR techniques and treatment strategies, achievements in advanced esophageal Figure 3 . Effect of sunitinib on colony formation and expression of HIF-1α and VEGF in esophageal squamous cell carcinoma cells. (A) Colony formation assay of ECA109 cells was performed to assess the sunitinib radiosensitization activity. Cells were treated with sunitinib (1 or 2.5 μM) under normoxic or hypoxic conditions for 24 h and then subjected to X-rays at 2, 4, 6 or 8 Gy. (B) The protein levels of HIF-1α and VEGF in ECA109 cells were evaluated using western blot analysis. Hypo, hypoxia; Norm, normoxia; SU, sunitinib; VEGF, vascular endothelial growth factor; HIF-1α, hypoxia-inducible factor-1α. 
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cancers are still unsatisfactory, with a 5-year survival rate of 20-30% and a locoregional control rate of only 45% (1, 17) . Thus, novel radiosensitizing agents to overcome the resistance to conventional radiotherapeutic interventions are urgently required. The present study demonstrated for the first time that sunitinib could significantly promote the radiosensitivity of ESCC ECA109 cells, and that this promotion was associated with the inhibition HIF-1α and VEGF expression induced by the hypoxic microenvironment. The present study confirmed that sunitinib could apparently inhibit human ESCC cell viability and proliferation. It was also noticed that sunitinib radiosensitized esophageal cancer cells by inhibiting the clonogenic growth of hypoxic ECA109 cells following IR. Compared with that of the hypoxia and IR groups, the apoptosis rate of the group treated with sunitinib increased in a dose-dependent manner. The radiosensitivity of sunitinib in hypoxic ESCC cells was associated with the inhibition of hypoxia-induced HIF-1α and VEGF expression. Compared with the normoxia group, there were no changes in cell cycle distribution in the groups subjected to sunitinib. Thus, the radiosensitizing effect of sunitinib may be independent of the cell cycle distribution. These results will expand our understanding of the effect of sunitinib activity, and suggest that sunitinib may be a potential radiosensitizing agent for the treatment of esophageal cancer. Radiotherapy is a crucial treatment modality for esophageal carcinoma (2). However, due to radioresistance, the radiotherapy effects are often unsuccessful (2) . Recent studies have demonstrated that an hypoxic microenvironment is one of the crucial factors in radioresistance to radiation therapy (RT) in solid tumors, resulting from the unbalance between increased oxygen consumption by the extensive growth of tumor cells and decreased oxygen delivery by disordered tumor blood vessels (18). The tumor vasculature was also observed to be an effective target for the cytotoxic effects of RT (19) . The inherent resistance of the tumor blood vessels to the cytotoxic effects of RT required to be overcome (19) . HIF-1α is a well-recognized hallmark of hypoxic microenvironments and an important regulator of the hypoxic response, participating in the regulation of aerobic glycolysis to enable the growth of cancer cells (14, 20) . Previous evidence has suggested that radiation prevented the accumulation of HIF-1α, which protected the tumor vasculature from radiation damage by inducing VEGF expression (6) . In addition, tumor cells under hypoxic conditions exhibited cancer cell phenotypes with enhanced pro-survival pathways, acquiring increased malignant potential and resistance to radiotherapy (21, 22) . Furthermore, preclinical studies consistently demonstrated an increase in radiosensitization upon suppression of HIF-1α and VEGF (23, 24) .
In the present study, sunitinib, an oral multi-tyrosine kinase inhibitor, was used, since this agent has demonstrated beneficial effects in clinical phase II studies with patients with advanced esophageal or gastroesophageal junction cancer (25) . Sunitinib exhibited broad and potent antitumor activity in breast tumors, pancreatic cancer and colon cancer (11) (12) (13) . Additionally, sunitinib had been shown to transiently improve tumor oxygenation, normalize tumor vasculature, suppress tumor cycling hypoxia and enhance the tumor response to radiotherapy (14, 26) . In particular, sunitinib was revealed to inhibit cellular signaling via HIF-1α and subsequent VEGF in human embryonic stem cell (15) , HT-29 colon cancer cells (16) and melanoma xenografts (27) . Therefore, the present study first investigated the potential of sunitinib as a potent HIF-1α inhibitor in ESCC cells, and observed that HIF-1α and VEGF expression were suppressed by sunitinib. These data suggest that sunitinib could sensitize hypoxic ESCC cells to radiotherapy by inhibiting HIF-1α and VEGF expression. As the current study was conducted in vitro, future studies should be performed to determine the radiosensitization effect of sunitinib in vivo. Second, the mechanisms by which sunitinib suppressed the expression of HIF-1α and VEGF were difficult to define, and it is uncertain whether the observed suppression was direct or indirect.
In conclusion, sunitinib increased the radiosensitivity of ESCC cells and led to the suppression of HIF-1α in the present in vitro study. These results provide support that sunitinib may be a novel radiosensitizer and a promising agent in adjuvant therapy to enhance the effects of radiotherapy for ESCC. However, future studies are required to investigate the molecular mechanisms and confirm these effects prior to its clinical use.
